ABSTRACT
INTRODUCTION
The PEMFC is a device that is able to produce electrical power via oxidation and reduction half reactions that are separated in space. Oxidation occurs at the anode, reduction at the cathode. In this case, the fuel and oxidant are hydrogen gas and air, respectively. There is no requirement that either the air or hydrogen be dry. The chemical reactions that occur:
Overall :
The overall fuel cell reaction is also known as the Faradic reaction. A cross section of a typical fuel cell is shown in Fig. 1 . Individual cells are joined in series into stacks, anode to cathode bipolar plate, to increase the voltage output. Hydrogen enters the anode channels, permeates the gas diffusion layer and undergoes oxidation with the help of a catalyst that traditionally includes platinum. Electrons are then free for work while the hydrogen ions or protons travel through the proton exchange membrane. At the cathode, hydrogen ions, electrons, and oxygen from the air are combined by reduction into water, again with the help of a catalyst that typically contains platinum. The Faradic reaction product water and the remnants of the air are exhausted via the cathode channels. A charge can build up at the interfaces between the anode/membrane and cathode/membrane that behaves much like an electrical capacitor. This is known as the charge double layer. Performance of the fuel cell depends on many factors including the partial pressures of hydrogen and oxygen, temperature, and membrane humidity or water content. The complete PEMFC system has not only a fuel cell stack, but also fuel and oxidant supply devices, valves, and cooling components.
PEMFC systems have emerged as a possible replacement for internal combustion engines due to their efficiency, zero emission potential, and use of renewable fuels. Those used in transportation applications will experience unpredictable and widely varying power demand changes just like internal combustion engines in the majority of present vehicles. To satisfy the needs of dynamic performance, the PEMFC system will have to have a suitable control system able to manage its operation. However, before the design of any good control system there must also be a good control model to work from.
Models for control development attempt to capture the essence of the system dynamics in the simplest possible manner. Mechanistic models have been proposed that describe the fuel cell operation [1, 2] in great detail; however, often the equations can only be solved through numerical iteration and some quantities that they require are not well established. An alternative to these is the zero dimensional models which are at most semi-empirical and involve fitting experimental fuel cell data to a phenomenological expression. This is used to create a polarization curve that shows the cell voltage versus current density at constant temperature and reactant partial pressures. Their advantage is that they are compact and do not require complex solution techniques. Many different expressions have been proposed and verified on actual systems or with data available in the open literature [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, this only describes the fuel cell itself during operation. There is generally no provision for the ancillary devices and interactions that compose a complete system. Boettner et al. [13, 14] consider the power consumed by the fuel cell system components but neglect any dynamic interactions.
Pukrushpan et al. [15] [16] [17] developed a comprehensive dynamic model using a lumped parameter, control volume approach. An extensive fuel cell system was considered: air compressor, supply manifold, air cooler, reactant humidifiers, cathode channel volume, return manifold, anode channel volume, membrane humidification, and the fuel cell polarization curve. This formulation was primarily used to analyze the effect of sudden current changes on the air stoichiometry and net power developed. However, they assumed that the temperature was constant and uniform throughout the fuel cell body, anode volume, and cathode volume. Also, the fuel cell dynamic response due to the charge double layer was reasoned to not have an effect on the quantities of interest. The model was used by Gelfi et al. [18] to explore the use of an air blower in place of the air compressor. Results indicated that the low pressure blower system has marginally faster response to a commanded air flow input.
Xue et al. [19, 20] expanded upon the basic Pukrushpan et al. control volume approach by adding expressions for dynamic temperature response of the anode volume, cathode volume, and fuel cell body. Temperature has a great affect on the fuel cell performance. The temperature inside the anode or cathode volumes partly determines the partial pressure of a reactant as well as the partial and saturation pressures of water vapor. If the water partial pressure exceeds the vapor saturation pressure then liquid water can form, potentially degrading cell performance. The fuel cell body temperature also can have a significant effect. As body temperature rises so does the output voltage at a specific current density. They also include the charge double layer capacitance effect in the fuel cell response, believing it makes a difference in the system dynamics. The model is limited, with no consideration of the cooling system nor any of the other system components outside of the fuel cell. It also neglects any sort of reactant humidification.
Another aspect of a good model is its relevance. Typically, fuel cell system manufacturers are hesitant to release detailed information for fear of compromising their proprietary information. However, UTC Fuel Cells has developed a 250 kW bus known as ThunderPower and in 2005 published the system diagram in the open literature [21] . There are two important differences between it and the previous system analyzed by Pukrushpan et al.: an air blower instead of an air compressor and no external humidification equipment. Since there is no air compressor, the inlet air is not heated much above ambient, thus there is also no need for the associated air cooler as well. Also, the system lacks an external humidification system. Therefore, ambient air and dry hydrogen are being used to power the fuel cell. Research conducted into the construction and usage of self humidifying fuel cell membranes indicates that it is possible to operate with dry reactants, yet still retain similar performance to a normal membrane with fully humidified reactants [22] [23] [24] . The self humidification feature relies upon the amount of reactants that manage to permeate the membrane without undergoing the fuel cell or Faradic reaction. Crossover of reactants is a normal occurrence; therefore the self humidification feature takes advantage of material that would otherwise be wasted. There is also the additional benefit that crossover is reduced with self humidification. Watanabe et al. [22, 23] learned that self humidification leads to water entering the anode volume. The amount of water entering it is approximately the amount expected from the self humidification reaction. Meanwhile, the majority of the Faradic reaction product water enters the cathode volume. Self humidification can increase the back diffusion of water in the membrane which means that it is possible that an amount of the product water can instead travel to the anode rather than discharge into the cathode. The result is that the membrane can be considered completely and uniformly humidified. These hardware changes will affect the overall fuel cell model formulation.
The objective of the work presented here is to offer a modern and complete fuel cell system model that accounts for the major dynamics while remaining simple enough for future control development. Figure 2 shows the system proposed. The oxidant supply is an air blower and there is no air cooling or external reactant humidification. Naturally, the membrane is assumed to be self humidifying. Control volumes are utilized to capture the complex interaction of mass and temperature. The conservation of mass and energy are applied to each. Moreover, rotational dynamics are also considered. Mechanistic and empirical relations are used throughout the study. The complete model is implemented in the Matlab environment for presentation of simulation results. The model is fully capable of characterizing the transient response of a complete and modern fuel cell system.
MODEL DEVELOPMENT
A fixed control volume approach is used to analyze the fuel cell system dynamics. Control volume values, such as physical properties and states, are considered lumped quantities that are uniform across the entirety. This allows a lumped parameter analysis of the quantities of interest as they change over time. In this instance, the following assumptions are made about the control volumes.
1. All fluid velocities are low enough during operation that it is appropriate to ignore their kinetic energy. 2. Fluid particle velocity is zero everywhere on the inside surface of a control volume. 3. Any power transfer due to fluid stress is due to normal stress that occurs at the crossing of the control volume boundary. 4. Conservation of momentum can be ignored. Forces acting on the control volume, such as shear or body, are negligible. 5. All specific heats are constants equal to the average over a range of possible temperatures. 6. All pure gases and their mixtures are considered to obey the ideal gas law. Mixtures are non reacting and those with water vapor are considered to be single phase. Dry air has a volume that is 21% oxygen and 79% nitrogen. 7. Electrochemical reactions and fuel cell electrode electrical responses are so fast that their dynamics are ignorable.
The conservation of mass and energy are given respectively:
Each of the control volumes represents a complex space in a simple manner, the model only regards volume. There are no provisions for variation of a parameter along a dimension or geometry changes in the volume. For example, the anode and cathode control volumes are simple summations of all of their respective flow channels and feed and discharge volumes without regard for geometry. However, lumped values can still provide adequate meaning. For example, Baschuk et al. [25] have shown that anode and cathode manifold and channel designs have a large impact on individual cells in a stack. Proper design results in an even distribution of properties across the stack. A lumped parameter approach can give meaningful results.
Self Humidification
Parameters for the self humidification mechanics described earlier are included in the model. However, the data in the literature is limited and inconsistent with regard to the amount of crossover gases lost as well as the water distribution. For example, values for the crossover hydrogen mass flow rate range from under 3% to nearly 20% of the Faradic reaction consumption at 1 A/cm 2 [22, 23] . Also, crossover and water quantities have only been referenced to the current density, with no regard for the effect of cell temperature. The hydrogen and oxygen crossover mass flow rates will be taken to be small compared to the Faradic consumption and allowed to go to zero. Similarly, the amount of water into the anode volume will be taken as zero while the amount of water entering the cathode volume will equal that produced by the Faradic reaction. When more pertinent literature becomes available, these terms can be given accurate meanings and evaluated for significance.
Anode Model
The anode volume supplies the fuel to the cell. The control volume is composed of all of the anode side flow channels and their feed and exit manifolds inside the fuel cell. It is assumed that hydrogen is stored at high pressure, 70 MPa [26] , while a regulator makes it available to a metering valve at 1 MPa [27] . The hydrogen is taken to be at ambient temperature before the metering valve allows isentropic expansion into the anode volume. Hydrogen is let into the anode at a rate necessary to maintain the desired fuel pressure. Hydrogen is lost primarily through the oxidation half reaction but a small amount is also lost through membrane crossover. Any crossover fuel will be consumed in the self humidification reaction. Moreover, because of self humidification there can be passage of liquid water micro droplets to the anode channels [23] . This water can eventually be treated as vapor if the anode volume water partial pressure remains less than its saturation pressure. All of the water will remain in vapor form until its partial pressure exceeds the saturation pressure at the anode volume temperature. During continuous operation this can occur unless the water vapor is removed in some manner. An option is the use of a purge valve; its use must be carefully managed to avoid fuel waste. A purge valve does not preclude the use of a powered fuel recirculation loop which some systems have to make sure that fuel is continuously and evenly distributed throughout the anode. The presence of a recirculation loop and pump will not affect the model formulation so long as they are taken to be perfectly insulated and any power used is insignificant in comparison to other parasitic devices. This model uses a purge valve without specific consideration of a circulation loop. The conservation of mass of hydrogen in the anode volume can be expressed as:
Where:ṁ
Similarly, the water vapor mass is conserved.
Both the fuel supply and purge mass flow rates are control inputs. Valves used here are fast enough that their flow dynamics can be ignored. The mass flow through each valve can be found by treating it as a nozzle with performance dependent upon a variable opening area and the pressure difference across it [28] . However, with the self humidification assumptions made, no water enters the anode and thus there is no need for purge usage. The fuel supply valve should be able to quickly meet any demands due to the order of magnitude pressure difference across it [17] . Therefore, simply commanding a fuel mass flow rate should be sufficient.
Energy is also conserved in the anode volume. Energy exits and enters via mass flow across the control volume. There is also convective heat transfer with the fuel cell body and evaporative cooling from the water exiting the membrane as a result of self humidification. The temperature of the fuel entering the anode is derived from isentropic gas expansion.
Where:
Cathode Model
The cathode volume is similar to the anode volume; it is the sum of cathode flow channels and feed and exit manifolds. Ambient air for the reduction reaction at the cathode is provided by an oxidant supply. In this case, it is a low pressure blower. Preceding the blower is an air filter whose pressure drop will be considered negligible. The air blower provides a certain mass flow rate of ambient air given its angular velocity and the pressure rise across it. It can be assumed that the rise is the difference between the cathode volume and ambient pressures if there is very little volume between the blower and cathode volume. The air exiting the blower has the same humidity ratio as the ambient air. Furthermore, the blower is powered by a brushless DC motor to prevent sparking and possible ignition of a fuel leak. Its electrical dynamics are considered sufficiently short to ignore. The blower model is based upon performance characteristic curves which plot both the flow parameter and overall efficiency versus the head parameter [28] .ṁ os = f (∆p os , ω os ) (13)
The air required to meet the needed stoichiometry determines the desired output from the oxidant supply. Typically, stoichiometry is around two [29] .
The blower cannot instantly change its flow rate since rotational dynamics influence any required changes in speed. The dynamic response of the rotating system depends upon its inertia, the torque required, and torque contributed by the brushless DC motor. The motor torque is derived from a three phase balanced operation representation that has been linearized [30] (20) The pressure ratio between the cathode volume and ambient is considered to be low enough with a blower that the oxidant supply total work can be calculated via an incompressible relationship. With a 10 kPa pressure rise, there is approximately 3% difference between the work calculated with incompressible and compressible methods.
The conservation of mass is applied to the cathode volume. Oxygen is consumed via the reduction reaction and a small amount is also lost to crossover. Nitrogen passes through without pause. Water vapor is added to that already present in the incoming air via micro droplets produced by the reaction. In a self-humidifying system the amount of water added to the cathode volume is equal to or less than that expected from the reaction. Naturally, water vapor is added to the air only if the vapor pressure inside the cathode is less than the partial pressure of the water. However, liquid water in the cathode seems unlikely; 100% humidified reactant air at 313 K that is heated to a typical operating temperature of 353 K has a relative humidity of only 16%. Of course, this value will be higher since there is an amount of reaction product entering that depends upon the current density and number of cells. It is possible that even the very dry conditions observed can be overcome if the gross power of the fuel cell stack is large enough. Flooding can be prevented by increasing the cathode volume temperature or pressure. The latter will result in an increased vapor exit mass flow rate. Only water in vapor form is considered here due to the capabilities of the system proposed. This results in the following relations for the oxygen, nitrogen and water vapor:
The cathode output mass flow rate is calculated using a nozzle relation [16, 17, 28, 31] . The pressure difference between the cathode and ambient drives the flow out of the cathode with the geometries of the stack and its exit acting as a virtual nozzle. The pressure ratio created with a blower is small enough that the critical pressure ratio can not be reached. The mixture exiting the cathode volume is discharged into the ambient. (29) Cathode volume analysis also includes energy conservation. Similar to the anode, there is energy exchange via mass flow as well as convective heat transfer with the fuel cell body and evaporative cooling due to water entering the cathode.
Cooling System Model
The cooling system is actually composed of four control volumes: sum of cooling channels and manifolds inside the fuel cell itself, heat exchanger (or radiator) coolant volume, heat exchanger cooling air volume, and the heat exchanger body. The only direct interface with the fuel cell is through its cooling channels. The effort of the cooling system is directed at maintaining the input temperature of the coolant into these channels so that the desired stack temperature is held. The control inputs to the cooling system are the mass flow rates of the coolant and heat exchanger cooling air. The mass flow rate of the coolant through the system is assumed to be the same throughout. Similarly, the mass flow rate of the cooling air is assumed constant through the heat exchanger. These assumptions mean that the mass of coolant and air in their respective volumes is constant. Any heat transfer from the coolant pump to the coolant is considered negligible. This also holds for the cooling fan and cooling air. Finally, any coolant lines between the fuel cell and heat exchanger are assumed to be perfectly insulated so that there is no heat loss to the surroundings. With these assumptions, the four volumes can be modeled with the conservation of energy. 
Equation (31) describes the coolant in the fuel cell body while Eqns. (32)-(34) portray the coolant in the heat exchanger, cooling air in the heat exchanger, and the exchanger itself, respectively. T ha,in is taken to be the ambient air temperature. The heat exchanger body temperature is installed to act as a heat transfer conduit between the coolant and air streams. This is to negate the need for a heat exchanger effectiveness term.
The coolant pump and heat exchanger cooling fan are parasitic devices. To calculate the net power later on, their respective consumptions should be determined. 
The heat exchanger air cooling fan power is calculated with the incompressible fluid expression like the oxidant supply in the cathode. The ambient air pressure rise across the heat exchanger is assumed to be small enough that the incompressible relation is still valid. It should be pointed out that the rotational dynamics of these two flow devices are neglected unlike the oxidant supply. The rotational dynamics are much faster than those that govern the change in temperature. According to Guzzella [6] there is a two order of magnitude difference.
Furthermore, no matter how the power of the device is calculated, it does depend upon a pressure change. The pressure change depends upon the losses associated with the flow channel friction and geometry. By allowing the assumption that the flow is laminar as well, the change in pressure can be expressed with the following general loss equation.
Fuel Cell Body Model
The fuel cell body is composed of the structure of the fuel cell itself. It encompasses the anode volume, cathode volume, and cooling channels. It is composed of the many bipolar and cooling plates, membranes, catalysts, gas diffusion layers, seals, etc. as well as the frame holds it all together. Mass conservation can be applied to it. However, it is assumed that mass transfer into and out of the diffusion layers is small compared to the total mass of the body. The conservation of energy is more relevant to the dynamic model since there is convective heat transfer between it and most of the other control volumes plus the ambient. Furthermore, the body is cooled by lower temperature gases that are consumed in the reaction and by any liquid water products leaving it. Finally, the Faradic reaction that generates power leads to internal heating of the body.
E th is the thermal neutral reversible voltage and in this case is equal to 1.48 V. It is the voltage expected from the higher heating value of the reaction, liquid water is the product rather than vapor. This takes into account the reversible and irreversible heat produced by the reaction [32] . The voltage term is calculated using a phenomenological equation developed by Pukrushpan et al. [15] [16] [17] and originally proposed by Guzzella [6] . The ohmic term has been modified. The original term relied on both membrane hydration and temperature. However, with self humidification the dependence on hydration has been removed. The terms are expanded further in Appendix A.
The advantage of this model over others is that it remains valid below the activation loss exchange current density. In transportation applications, the fuel cell system is not always operating near maximum power and may in fact be at idle, that is, simply supporting auxiliaries like air conditioning. The power draw is so low compared to the maximum that the desired current density is nearly zero. Moreover, the charge double layer adds a capacitance effect to the activation and concentration losses. If there is a sudden change in current, then the voltage will also change immediately due to the ohmic loss response; however, it may take some time to reach a steady state value due to the capacitance effect on the other two losses. The charge double layer dynamics can be modeled.
Therefore, the overall voltage equation must also be restated with the new dynamic voltage loss term.
The net power currently delivered by the fuel cell system can now be formulated.
(45)
SIMULATION RESULTS
The constant parameters used for the simulation are contained in Tables 1 and 2 . The fuel cell system modeled can reach 73 kW gross power at 1.5 A/cm 2 . The simulation is based on production components as much as possible. The oxidant supply or ambient air blower is a Phoenix Analysis & Design Technologies cathode air blower. Meanwhile, the coolant pumps are Ametek 26 gallon liquid devices. Deionized water is the coolant. Lastly, the heat exchanger cooling fans are Ebm-Papst Inc. W3G300EQW units. Appendices B-D contain specific modeling information for each. Part of the model is used to simulate the effect of the charge double layer. However, the complete model is used to simulate the system changing between different current density levels.
Charge Double Layer Dynamics
There has been disagreement in the past about the effect of the charge double layer capacitance on the fuel cell voltage response. Xue et al. [19, 20] believe that its effects are significant enough to include; meanwhile Pukrushpan et al. [17] maintain that it is negligible. Equations (39)- (44) are simulated with all other variables held constant except current density. No other dynamics are present. Required parameters other than those already listed are shown in Table 3 . The current density is varied in step changes from 0.035 to 1.5 A/cm 2 and back again. The lower current density value represents an idle that consumes only 3 kW gross power. The current density span chosen is assumed to be the maximum possible during operation. Exploration of this difference should reveal the slowest voltage response encountered over the range of operation. Figure 3 displays the response to the current changes in both directions. The total fuel cell capacitance is 3 F during this simulation. Dynamics are more readily apparent during current rise, the 2% settling time is 0.2 seconds. The settling time is greater from low to high current since the effective resistance attributed to the activation and concentration losses increases by over 25 times. Naturally, from high to low current the effective resistance decreases by the same ratio. A 2% settling time of 1 second can be observed if the capacitance is increased to 15 F. This is a very high capacitance value [29] ; therefore, it seems unlikely this value is realistic for an actual fuel cell stack. Regardless, the charge double layer capacitance should be considered during the selection of all pertinent dynam- 
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ics. Simulation can reveal whether or not its effects are large enough to be included.
Fuel Cell System Dynamics
The complete model is implemented in the Matlab solution environment. The charge double layer dynamics are neglected due to their small effect on the overall system when the fuel cell body capacitance is 3 F. The equations are solved first at steady state to show how system states can change between different current densities. Table 4 shows steady state operating information at current densities of 0.5, 1, and 1.5 A/cm 2 . It is observed that the cathode relative humidity is one or below for all. The coolant and cooling air mass flow rates are chosen to maintain cathode relative humidity at one. If this requires rates that exceed their maximums, then the maximums are used. In this case, the relative humidity will always be less than one since the cathode volume vapor saturation pressure increases along with volume temperature. Naturally, the model is meant for dynamic simulation. The first simulation steps the current from 0.6 to 1.5 A/cm 2 , the second goes from 1.5 back down to 0.6 A/cm 2 . In both cases, the simulation starts at steady state, but the time spent at the second current density is not long enough to return to steady state. However, the system response dynamics are still easily seen. The control inputs required to maintain the steady state current density levels without cathode flooding are shown in Tbl. 5. Moreover, anode and cathode control volume gas masses are not given, instead they are converted to partial pressure since that quantity is usually of more interest to fuel cell researchers.
The first simulation portrays a rise in current density from 0.6 to 1.5 A/cm 2 at 10 seconds. Figure 4 shows the response of the fuel cell partial pressures to this event. The hydrogen partial pressure initially drops but then begins to recover to its expected steady state value. The recovery is dependent upon the anode reaching its expected temperature during 1.5 A/cm 2 steady state operation since the control inputs are unchanging. The partial pressures of oxygen, nitrogen, and water vapor are initially dependent upon the angular velocity of the oxidant supply after the current density change. Figure 5 gives the response of the oxidant supply immediately after the current density change. The oxidant input cannot change instantly along with the current density. The oxygen partial pressure downward spike occurs because consumption has momentarily increased faster than the supply can provide. The water vapor partial pressure has an upward spike since its production momentarily overwhelms the removal capabilities of the cathode exit mass flow rate. The exit rate depends upon the cathode pressure which is determined by the oxidant supply. Both spikes last approximately as long as the oxidant supply takes to reach its final value. Nitrogen partial pressure has a smoother transition due to the fact that it it is not affected by a chemical reaction. The cathode partial pressures are near steady state at the end of the simulation; however, they do not reach it until the cathode temperature does also. Figure 6 shows how the fuel cell system temperatures are affected when an increase in current density occurs. Unsurprisingly, the fuel cell body temperature begins rising immediately. Temperatures in the anode and cathode volumes experience a drop first and then begin rising. The initial drop is because that more, cooler reactants are being added which remove heat from the volumes.
The cooling system response in Fig. 7 displays the overall expected result such that all temperatures are trending upward at the end of the simulation. The coolant and cooling air mass flow rates immediately rise at the same time that more waste heat is produced in the cell. The fuel cell body thermal capacitance restricts how fast its temperature can rise. Therefore, the temperatures of the coolant in the fuel, humidified cooling air, and heat exchanger fall at first because of the greater flow rates. Meanwhile, the temperature of the coolant out of the heat exchanger actually rises. This is also due to the increased mass flow rates, they make it harder to remove heat from the coolant since it spends less time in the heat exchanger. The effect of thermal capacitance can also be seen in the initial response of all four temperatures. Increased thermal capacitance leads to smoother changes in the curve. Furthermore, there is an additional periodic nature to the humidified cooling air response which is due to its thermal capacitance. Increasing the mass of humidified air in the heat exchanger eliminates this part of its response.
The power generated and consumed by the fuel cell system is displayed in Figures 8 and 9 . The net power continues to rise after the current density change, it does not immediately become the expected steady state value of 73 kW at 1.5 A/cm 2 . The steady state fuel cell body temperature at 1.5 A/cm 2 is 372 K. The simulation ends before that temperature can be reached. The gross power is the net power minus the parasitic losses. During the simulation, the oxidant supply, coolant pump, and cooling air fan power consumptions change as expected. The oxidant supply dynamics can also be seen in the power consumption curve shape immediately after the current change.
The second simulation is used to explore a step drop in current at 10 seconds. The current density decreases from 1.5 to 0.6 A/cm 2 . The response trends described in the first simulation are the same except that where there is an increase there is now a decrease and vice versa. Figures 10-15 show the simulation responses. It is observed that the humidified cooling air temperature curve lacks the same periodic component that it had in the step current rise. 
CONCLUSIONS
A comprehensive, zero dimensional, modern fuel cell system model has been presented. It incorporates recent improvements such as a low pressure oxidant supply and self humidification. The evolution of the necessity and form of the self humidification terms can occur once more detailed information becomes available in the literature. However, the model does consider all the other pertinent mass, temperature, and rotational dynamics in detail. This is an improvement over previous models If the capacitance produces a 2% settling time smaller than the time scale of interest then its effect can be neglected. Anyone that includes this parameter in their model should check its behavior in isolation to ensure that their model is not made unnecessarily complex by a parameter that will have negligible bearing.
The simulation does show that temperature has a major affect on fuel cell gross power. After the current density step rise it is more than 6 kW less than can be expected at 1.5 A/cm 2 steady state. It is not only until the fuel cell body reaches nearly 372 K that 73 kW is reached. The fuel and oxidant mass flow rates are already being held at their values needed for 73 kW output. This means that there is a need to manage the mass flow rates of the coolant and humidified cooling air. The use of temperature and mass flow rates together is necessary to achieve the maximum potential of the fuel cell system.
The model is simply formulated given the complexity and scope of it what it represents. It can be linearized rather easily for control work around a desired operating point. The objective of the control system is simple: provide the desired net power with minimum hydrogen usage. Naturally, this will depend upon intelligent management of the fuel supply, anode purge, oxidant supply, and temperatures. It will most likely not be an easy task; however this model is a first step toward this end.
